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INTRODUCTION
The oomycete pathogen Phytophthora capsici Leonian is the causal agent of Phytophthora blight on bell and chile pepper (Capsicum annuum L.). Symptoms of the disease can include root and crown rot, wilt, fruit rot, and foliar blight (18) . Phytophthora blight occurs in most geographical areas where peppers are grown, when favorable climatic conditions prevail (18) . In Arizona, the root and crown rot phase of Phytophthora blight may initially appear in portions of fields where soil remains saturated after irrigation (14) . Root and crown rot can increase with further irrigations, especially during the summer rainy season, which occurs from July through early September in Arizona. These rainfall events, combined with a developing crop canopy, promote increased incidence and severity of root and crown rot as well as facilitate the foliar blight phase of the disease, including infection of stems, leaves, and developing pepper fruit.
Successful management of Phytophthora blight on peppers includes the use of fungicides along with other disease management tools such as rotation to nonsusceptible crops, cultural practices including irrigation water management, planting peppers on raised beds, and host resistance (5) . The systemic fungicide metalaxyl and later the active isomeric component, mefenoxam, were widely used in pepper fields to manage Phytophthora blight (18, 20, 21) . Unfortunately, resistance to each compound was soon detected within some field populations of P. capsici (18) . Resistant isolates of the pathogen were recovered in greatest numbers from fields where these chemistries were used exclusively, rather than in combination or in rotation with other fungicides (18) . The need became apparent for additional chemistries with different modes of action that could be used in a mixture or in alternation within a fungicide application program to manage Phytophthora blight and delay the onset of resistance within populations of P. capsici. In recent years, several new active ingredients have become available to help manage diseases on peppers and other crops affected by this pathogen in the United States (5) , and additional compounds are currently under development for future use (16) .
Effective management of Phytophthora blight with any fungicide is dependent on proper placement of the product as well as the inherent efficacy of the active ingredient in reducing spore production and germination as well as mycelial growth by P. capsici. In general, fungicides usually are applied to above ground plant parts to manage the foliar phase or to the soil to target the root and crown rot phase of Phytophthora blight. Application site on pepper plants may be dictated by other factors as well, such as irrigation method (e.g., overhead versus drip irrigation), fungicide mobility within the plant, reentry interval, preharvest interval, or restrictions on applying pesticides aerially in some locations. P. capsici produces several types of propagules, including oospores, mycelium, sporangia, and zoospores (6, 18) . A key propagule initiating plant infections is the zoospore, which is produced in and released from sporangia. Sporangia in turn can arise from oospores and mycelium (6, 18) . Laboratory studies have demonstrated that the sensitivity of each type of propagule to a particular fungicide can differ significantly (7, 13) ; thus affecting zoospore production, plant infection, and disease development. After infection by zoospores, P. capsici grows within plant tissue as mycelium. The inhibitory potential of fungicides on mycelial growth dictates the potential ability of products to suppress disease development after infection. The objectives of this research were: (i) to determine the efficacy of 14 different active ingredients on lesion development in stems of pepper plants inoculated with zoospores or mycelium of P. capsici; (ii) to compare fungicide mobility within the plant by application of products to plant foliage and stems or roots prior to inoculation; and (iii) to assess the longevity of fungicide efficacy by inoculating plants at 1 or 3 weeks after treatment. To achieve these objectives, a series of controlled environment trials were conducted to accommodate the large number of plants needed as well as to assess fungicide activity on disease development without potential variability due to fluctuating temperature and relative humidity conditions, as would be expected in a field environment. Therefore, pepper seedlings were used in these experiments and all plants were maintained under uniform environmental conditions from inoculation to disease evaluation 7 days later.
PLANT MATERIAL AND INOCULATION
Chile pepper seed 'AZ20' were used to produce seedlings in a commercial transplant production facility. This chile pepper cultivar is commonly planted in Arizona and other states where chile pepper production occurs. Two-month-old seedlings within plastic trays containing 271 cells, each 22 mm square × 60 mm deep, were placed in a greenhouse, watered daily, and fertilized weekly with Miracle-Gro fertilizer (15-30-15 , Scotts Miracle-Gro Co., Marysville, OH) until used in each experiment. The P. capsici isolate EC-2R, used in all experiments, was recovered from chile pepper root tissue in a commercial field in southeastern Arizona.
For plants inoculated with mycelium of P. capsici, 4 to 5-month-old chile pepper plants with stem diameters ranging from 4 to 6 mm were used for the first and second inoculation timepoint of each experiment. Approximately 8 cm above the potting mix, a strip of epidermal tissue 5 mm long × 2 mm wide was removed from the main stem of each plant with a 5-mm diameter cork borer. An aqueous solution of each fungicide was prepared in a 1-liter capacity container by adding the amount of fungicide product listed in Table 1 to 750 ml of water plus 2.4 ml of the nonionic surfactant Induce (Helena Chemical Co., Collierville, TN). The rate of each fungicide applied was either the highest labeled rate for registered products or the highest rate recommended for active ingredients in development, based on a field application rate of 472 liters of spray mixture per hectare. For each treatment, 20 plants were removed from the transplant tray, inverted, and the foliage and stem of each plant, including the wounded portion, was dipped into the treatment solution for 1 sec. Treated plants were laid on a paper towel until the foliage and stems were dry, then replaced into a transplant tray. Another 20 plants were removed from a transplant tray and the root tissue within the potting mix was immersed into the treatment solution for 5 sec. Excess fungicide solution was allowed to drain from the potting mix and roots, followed by placement of plants into a plastic transplant tray. Plants receiving each distinct treatment were separated by a row of empty cells within transplant trays. The foliage and stems or roots of control plants did not receive any fungicide. After treatment, plants were maintained in the greenhouse until inoculated. Seven days after treatment, 10 replicate plants receiving each of the fungicide treatments on the foliage and stems, 10 plants with roots subjected to each fungicide, and 10 nontreated control plants were removed from transplant trays in the greenhouse and placed horizontally in aluminum trays, each containing three layers of moist paper toweling. Plants were oriented in the trays so that the wounded portion of each stem was facing upward. A 5-mm-diameter agar disk containing mycelium from an actively growing culture of P. capsici on V8-juice agar (V8A) was placed on the wounded area of each plant stem so that the mycelium was in direct contact with the stem. After all plants were inoculated, trays were covered with clear plastic wrap to retain moisture. Plants within trays were maintained on the lab bench at 25-26°C under continuous fluorescent light for 7 days, after which the length of developed stem lesion was recorded (length of visible lesion minus the 5-mm inoculation site). Three weeks after treatment, plants still being maintained in the greenhouse were brought into the laboratory, inoculated, and otherwise handled as described above. This experiment was conducted twice and established in a completely randomized design, with each plant being a replicate.
For plants inoculated with zoospores of P. capsici, 3-month-old plants with stem diameters ranging from 3-4 mm were used for the first and second inoculation timepoint of each experiment. Plants were wounded, treated with fungicides, and placed into aluminum trays prior to inoculation as described earlier.
Zoospores of P. capsici were produced by procedures previously described (11) . Briefly, the pathogen was grown on V8A for 5 days at 24°C in darkness. Four 5-mm diameter agar disks containing actively growing mycelium were removed from the edge of cultures and placed into a series of 60-mm diameter plastic petri dishes containing 10 ml of a 1.5% nonsterile soil extract. Abundant sporangia formed after incubation of agar disks oxathiapiprolin. y FRAC codes from the Fungicide Resistance Action Committee. z Amount of product added to 750 ml of water. In addition, 2.4 ml of Induce (Helena Chemical Co.), a nonionic wetter/spreader surfactant, also was added to each treatment mixture before use.
in darkness for 48 h at 24°C. Sporangia were induced to release zoospores by chilling at 4°C for 20 min followed by rewarming at 24°C for an additional 20 min. The contents of each petri dish were decanted through cheesecloth to remove agar disks and attached mycelia. The resulting zoospore suspension was quantified by diluting a portion of the suspension 100-fold, dispersing 1-ml aliquots onto pimaricin-ampicillin-rifampicinpentachloronitrobenzene medium (8) within each of four 100-mm diameter petri dishes, and recording the number of zoospores that germinated and produced visible colonies after incubation in darkness for 48 h at 24°C. A 0.05-ml drop of zoospore suspension containing approximately 400 zoospores was placed on the wound area of each plant stem. Ten plants not treated with a fungicide were included as a control. Similar to plants inoculated with mycelium, trays containing plants were covered with clear plastic wrap to retain moisture after all plants were inoculated. Plants within trays were maintained on the lab bench at 25-26°C under continuous fluorescent light for 7 days, after which the length of stem cankers was recorded. Three weeks after treatment, the second set of plants still being maintained in the greenhouse were brought into the laboratory, inoculated, and otherwise handled as described above. This experiment was conducted twice and established in a completely randomized design, with each plant being a replicate. Stem lesion length data were converted to percent inhibition of lesion growth values prior to statistical analysis by comparing the lesion length on each plant to the mean value recorded on nontreated plants. Data between the two experiments did not differ statistically, so data from both experiments were pooled prior to analysis. CoStat statistical software (CoHort Software, Monterey, CA) was used to perform analysis of variance with the GLM procedure. Means were compared and separated at P = 0.05 according to Fisher's protected least significant difference.
FUNGICIDE EFFECTIVENESS ON PLANTS INOCULATED WITH MYCELIUM OF P. CAPSICI
The mean stem lesion length on nontreated plants 7 days after inoculation with mycelial disks of P. capsici was 59 and 65 mm when inoculated 1 or 3 weeks after treatment, respectively. For plants receiving fungicides on foliage and stems followed by inoculation of stems with mycelium of P. capsici 1 week later, the most effective inhibition of lesion growth (96.4-100% compared to nontreated controls) was provided by ametoctradin + dimethomorph, mefenoxam, ethaboxam, dimethomorph, oxathiapiprolin, fluopicolide, and mandipropamid, ( Table 2 ). The same fungicides plus acibenzolar-S-methyl, fenamidone, and laminarin, were most effective for plants inoculated 3-weeks after treatment, reducing stem lesion growth from 84.1 to 100%.
When fungicides were applied to the plant roots and mycelium was used to inoculate stems 1 week later, the greatest reduction of lesion growth, ranging from 90.2 to 100%, occurred on plants treated with mefenoxam, fluopicolide, ametoctradin + dimethomorph, and dimethomorph ( Table 2 ). The same active ingredients plus acibenzolar-S-methyl, ethaboxam, and oxathiapiprolin were most effective for plants inoculated 3 weeks after treatment, reducing stem lesion growth from 86.8 to 100% compared to nontreated plants.
For most fungicides there was no significant difference between application of products to foliage and stems compared to roots on stem lesion inhibition for plants inoculated with mycelium of P. capsici. On the other hand, mandipropamid was more effective when applied to foliage and stems compared to treatment of roots on plants inoculated with mycelium of P. capsici 1 and 3 weeks after treatment. The superiority of foliage (Table 2) .
FUNGICIDE EFFECTIVENESS ON PLANTS INOCULATED WITH ZOOSPORES OF P. CAPSICI
The mean stem lesion length on nontreated plants 7 days after inoculation with zoospores was 67 and 99 mm when inoculated 1 or 3 weeks after treatment, respectively. When fungicides were applied to foliage and stems of chile pepper plants followed by inoculation of stems with zoospores of P. capsici 1 week later, the greatest reduction in lesion development (88.2-100% compared to nontreated controls) was provided by ametoctradin + dimethomorph, ethaboxam, fluopicolide, oxathiapiprolin, fenamidone, acibenzolar-S-methyl, mefenoxam, and mandipropamid ( Table 3 ). The best fungicides when plants were inoculated 3 weeks after treatment were ametoctradin + dimethomorph, ethaboxam, fluopicolide, and oxathiapiprolin, reducing lesion growth from 99.4 to 100%. When plant roots were treated with fungicides followed by inoculation of plant stems with zoospores of P. capsici 1 week later, the most effective inhibition of stem lesion growth, ranging from 95.3 to 100%, was provided by ametoctradin + dimethomorph, dimethomorph, ethaboxam, fenamidone, fluopicolide, mandipropamid, mefenoxam, propamocarb hydrochloride, and oxathiapiprolin (Table 3) . Similarly, ametoctradin + dimethomorph, dimethomorph, ethaboxam, fenamidone, fluopicolide, mandipropamid, mefenoxam, and oxathiapiprolin were most effective when plant stems were inoculated 3 weeks after treatment, reducing lesion growth from 94.6 to 100%.
For most fungicides there was no significant difference between application of products to foliage and stems compared to roots on lesion inhibition for plants inoculated with zoospores of P. capsici. Similar findings were noted earlier on plants inoculated with mycelium. However, there were some exceptions. The performance of acibenzolar-S-methyl, laminarin, cyazofamid, and fluazinam was significantly better when applied to foliage and stems compared to roots when plant stems were inoculated with zoospores 1 or 3 weeks after treatment. In contrast, inhibition of stem lesion growth was superior with root compared to foliage and stem treatment with propamocarb hydrochloride and dimethomorph on plants inoculated 1 week after treatment and fenamidone, mefenoxam, mandipropamid, and dimethomorph on plants inoculated 3 weeks after treatment (Table 3) .
The most effective fungicides among all trials, as determined by analysis of variance and Fisher's protected least significant difference test, are summarized in Table 4 . Two fungicide products, containing ametoctradin + dimethomorph and fluopicolide, were among the most effective materials across eight trial parameters (inoculum type, inoculation time after treatment, and fungicide application site). Ethaboxam, mefenoxam, oxathiapiprolin, dimethomorph, mandipropamid, acibenzolar-Smethyl, and fenamidone were most effective among tested fungicides from three to seven out of eight trial parameters (Table 4) .
CONCLUSIONS AND DISEASE MANAGEMENT CONSIDERATIONS
The zoospore is a primary infective propagule for P. capsici, capable of infecting any part of the pepper plant (18) . Ametoctradin + dimethomorph, dimethomorph, ethaboxam, fenamidone, fluopicolide, mandipropamid, mefenoxam, and oxathiapiprolin were all highly effective in suppression of stem lesion development in the presence of zoospores. Once infection has occurred, inhibition of mycelial growth within host tissue becomes a critical disease management consideration. Fungicides highly effective in restricting lesion growth on stems inoculated with mycelium of P. capsici included acibenzolar-S-methyl, ametoctradin + dimethomorph, dimethomorph, ethaboxam, fluopicolide, mandipropamid, mefenoxam, and oxathiapiprolin. At concentrations tested, fungicides that were highly effective in restricting stem lesion growth on pepper plants inoculated with zoospores of P. capsici often were similarly effective in arresting disease on plants inoculated with mycelium of the pathogen (Table 4) .
Active ingredient in sufficient concentration to prevent infection or limit disease development must be present at the site of infection on a plant to achieve meaningful disease control. Application of fungicides by directed spray to the base of plants, by soil drench or through a drip irrigation system would be appropriate when infection and disease development are limited to root and crown rot, while foliar application of products would be required when managing the foliar phase of Phytophthora blight. However, many fungicide active ingredients have the capacity to move from the site of application on the plant. The direction and degree of movement within plant tissue may provide useful levels of disease control on plant parts differing from the actual site of fungicide application. In these studies, the characteristics of active ingredients within several tested products applied to roots of pepper plants apparently facilitated acropetal movement to the stem at an adequate concentration to inhibit lesion development to the same extent as when the fungicides were applied directly to the stem. However, further trials on larger pepper plants grown under field conditions are required to determine the potential degree of disease protection provided to pepper plant foliage, stems, and fruit by soil applications of particular fungicides.
Most fungicides registered in the United States to manage Phytophthora blight on pepper plants have recommended application intervals ranging from 7 to 14 days. Many of the fungicides highly effective in inhibiting stem lesion development when applied to foliage and stems or to roots 1 week before inoculation with either zoospores or mycelium of P. capsici provided comparable levels of disease control compared to plants treated 3 weeks before inoculation. Subject to disease pressure, which is influenced by climatic as well as other factors (18) , these data suggest that application intervals may in some cases be extended beyond those recommended on the label, thus reducing disease management costs for the grower. However, additional evaluations on pepper plants grown in the field are required to substantiate this preliminary conclusion. Phytophthora capsici has developed resistance to some fungicides, including mefenoxam (17) and cyazofamid (9) . Delaying development of fungicide resistance by this pathogen is of importance to fungicide manufacturers and end-users alike. Strategies have been developed by the Fungicide Resistance Action Committee (FRAC) to minimize fungicide resistance development. One tactic is to rely on a mixture or alternation of products containing active ingredients with different modes of action (2) . The Arizona isolate of P. capsici used in these studies was highly sensitive to ametoctradin + dimethomorph, dimethomorph, ethaboxam, fenamidone, fluopicolide, mandipropamid, and oxathiapiprolin. Furthermore, this isolate of the pathogen was sensitive to mefenoxam (as demonstrated by the data from these experiments), unlike resistant populations of the pathogen existing in other geographic areas (18) . These fungicides contain several different active ingredients with different modes of action. For fungicides already registered as well as those that may be available in the future, using products with different modes of action within fungicide application programs will support FRAC guidelines and should help delay resistance development.
Fungicides demonstrating moderate or low levels of efficacy when tested individually in these studies may provide value as resistance management tools when used with a highly effective product within a fungicide application program. To be effective in this role, the product must contain an active ingredient with a mode of action differing from others in the treatment program. To facilitate deployment of compounds with different modes of action, FRAC assigns a code number to each active ingredient based on its mode of action. Even though products with different trade names may contain the same active ingredient and mode of action, users can readily identify the mode of action by the FRAC code number on the label. An updated list of fungicides and modes of action is published annually by FRAC (3).
Two active ingredients tested in this study, acibenzolar-Smethyl and laminarin, are not true fungicides in the sense of directly affecting the pathogen. Both products suppress Phytophthora blight by activating defense mechanisms within the pepper plant. Acibenzolar-S-methyl, a benzothiadiazole, has no known direct antifungal activity, but is said to mimic salicylic acid in the signal transduction pathway leading to systemic acquired resistance (SAR) (4, 10) . A single application of this active ingredient to wheat provided season long protection against powdery mildew (4), while multiple applications have reduced the severity of Phytophthora blight on peppers (15) and other diseases caused by oomycete plant pathogens (12, 19) . Laminarin is a naturally occurring polysaccharide carbohydrate present in all edible plants (22) . The compound is normally extracted from brown algae, where it is abundant and serves as a storage glucan. As a biochemical pesticide, laminarin is a SAR inducer and stimulates natural defense reactions in pepper plants and other agricultural crops to diseases such as gray mold, powdery mildew, downy mildew, fire blight, and bacterial spot (22) . Laminarin, obtained from the brown alga Laminaria digitata, when applied to grapevine plants reduced infection by Botrytis cinerea and Plasmopara viticola by about 55 and 75%, respectively (1). The unique mode of action of acibenzolar-S-methyl and laminarin would make these products valuable partners in combination with conventional fungicides within treatment programs for management of Phytophthora blight on peppers.
The goals of this research were to compare the effectiveness of 14 different fungicides in suppressing stem lesion development on chile pepper plants inoculated with P. capsici, as affected by inoculum type (zoospores or mycelium), fungicide application
TABLE 4
Summary of active ingredients providing the most effective control of stem lesion growth among conducted trials.
site on the plant (foliage and stems or roots), and longevity of fungicide effectiveness (1 and 3 weeks after application). Data from these trials demonstrate the inherent effectiveness of each tested product under environmental conditions favorable for disease development. However, confirmation of these findings in field trials will be required, where plant size and physiological status as well as environmental conditions will vary and change during the growing season.
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